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Torque magnetometry at low temperature and in high magnetic fields B is performed on a
MgZnO/ZnO heterostructure incorporating a high-mobility two-dimensional electron system. We
find a sawtooth-like quantum oscillatory magnetization M(B), i.e., the de Haas-van Alphen (dHvA)
effect. At the same time, unexpected spike-like overshoots in M and non-equilibrium currents are
observed which allow us to identify the microscopic nature and density of the residual disorder. The
acceptor-like scatterers give rise to a magnetic thaw down effect which enhances the dHvA amplitude
beyond the electron-electron interaction effects being present in the MgZnO/ZnO heterostructure.
PACS numbers: Valid PACS appear here
Oxide heterostructures have generated tremendous in-
terest in recent years [1, 2]. Two-dimensional elec-
tron systems (2DESs) formed therein exhibit remarkable
properties such as superconductivity [3] and magnetism
[4] or the fractional quantum Hall effect (QHE) [5, 6].
MgZnO/ZnO-based heterostructures are outstanding in
that 2DESs of small carrier density ns exhibit extremely
high mobilities µ at low temperature T [5, 6]. At the
same time, the electron-electron interaction parameter
rs ∝ n−0.5s [7] is large allowing for electron correlation
effects at oxide interfaces in an applied magnetic field
B [6, 8, 9]. Still, the quantum oscillatory magnetization
M(B), i.e., the de Haas-van Alphen (dHvA) effect reflect-
ing the ground state properties of such 2DESs has not yet
been explored. Since the discovery of the dHvA effect in
Bi more than eight decades ago it has been argued that
disorder reduces peak-to-peak amplitudes ∆M via broad-
ening of the quantized Landau levels Ej (j = 0, 1, 2, ...)
[10–12]. In contrast, electron-electron interaction effects
are known to enhance ∆M [13]. The two counteracting
effects are however not easy to distinguish in a balanc-
ing situation. Sometimes the dHvA effect has been ob-
scured in the QHE regime even completely by extremely
large non-equilibrium currents (NECs) [14]. The NECs
are induced near integer filling factors ν = hns/(eB⊥)
at low T when the longitudinal resistivity ρxx takes a
vanishingly small value and are believed to be limited
only by breakdown of the QHE [14]. Independent trans-
port experiments on GaAs-based heterostructures have
evidenced that, strikingly, minima in ρxx and plateaus
in the Hall resistivity ρxy could be displaced away from
integer ν towards smaller ν due to repulsive scatterers
[15–19]. This phenomenon has not yet been resolved in
M(B), and a clear experimental manifestation of the un-
derlying asymmetric density of states (DOS) in a ground
state property is still lacking.
In this Letter, we report torque magnetometry on the
equilibrium dHvA effect and NECs of a high-mobility
2DES residing at a MgZnO/ZnO heterointerface. We
observe dHvA amplitudes ∆M at filling factors ν = 1
and 2 that are significantly enhanced over the expected
values in the single-particle picture. Addressing a regime
0.28 K < T < 1.6 K we observe T -dependent shifts
of both the dHvA effect and the NECs. At the same
time, spike-like overshoots of the equilibrium magnetiza-
tion are found near filling factors ν = 1 and 2. These un-
foreseen characteristics of M are consistently attributed
to a disorder-induced asymmetric DOS due to repulsive
scatterers and the magnetic thaw down of electrons in
magnetoacceptor (MA) states [16, 18, 19]. Contrary to
the orthodox thinking, the disorder in MgZnO/ZnO is
found to provoke thereby an increase of the equilibrium
magnetization near integer ν instead of the anticipated
reduction. In particular, M(B) allows us to quantify the
density of MA states. The microscopic understanding
of disorder is important to further optimize oxide het-
erostructures for basic research and technological appli-
cations.
The magnetization experiments were performed on a
MgZnO/ZnO heterostructure. Details of sample prepa-
ration can be found in Refs. [20, 21]. We investigated
two samples from the same heterostructure. The re-
sults were consistent. We focus here on the results of
the sample which exhibits larger signals. Results ob-
tained on the reference sample can be found in Ref. [20].
The electron density ns = 1.7× 1011 cm−2 and mobility
µ = 380, 000 cm2/Vs were determined from Shubnikov-
de Haas and Hall effect measurements on a reference
22DES at 0.5 K [20]. rs given by mbe
2/(4πǫ~2
√
πns),
amounted to 9.0, where e denotes the elementary charge,
mb = 0.29me the band mass (me is the free electron
mass) and ǫ = 8.5 the dielectric constant of ZnO [22].
The area A of the studied 2DES was 0.9 × 1.8 mm2.
We employed micromechanical cantilever magnetome-
try to measure the anisotropic magnetization M of the
2DES. The sensor was prepared from an undoped Al-
GaAs/GaAs heterostructure grown by molecular-beam
epitaxy [23]. The sample was glued to the flexible end of
the cantilever beam as depicted in the inset of Fig. 1. The
deflection was monitored by measuring the capacitance
between the beam and a fixed ground plane [24]. Af-
ter calibration following Ref. [23] the capacitance change
provided the torque τ = M×B. From τ/(B sinα) we ex-
tracted the magnetization M assuming M to be perpen-
dicular to the plane given by the 2DES. We performed the
measurements in a 3He cryostat at temperatures down
to 0.28 K. Two sets of experiments were performed. In
a vector magnet system we applied a magnetic field B of
up to 9 T under different angles 36.8◦ < α < 67◦ in the
same cool-down cycle. In an axial magnet, we performed
further magnetometry measurements at two fixed angles
α = 36.8◦ and α = 52◦ up to B = 14 T. To analyze
the data we calculated M = −∂F/∂B|T,ns from the free
energy F considering the single-particle DOS according
to [24]
D(E) =
eB⊥
h
∞∑
j=0
1√
2πΓ
exp
[
(E − Ej,s)2
2Γ2
]
. (1)
Here, we use that the energy spectrum of the 2DES is
composed of discrete levels Ej = (j +1/2)~ωc due to the
perpendicular magnetic field component B⊥ = B cosα.
The cyclotron frequency is given by ωc = eB⊥/m
∗,
where m∗ denotes the effective electron mass. Each Lan-
dau level Ej undergoes spin splitting such that the en-
ergy spectrum takes the form Ej,s = Ej + sgµBB with
s = ±1/2 and the appropriate Lande´ factor g. For
T = 0, M(B) of an ideal 2DES exhibits steps of height
∆M/N = ∆M/(nsA) = ∆E/B when the Fermi energy
crosses an energy gap ∆E between two adjacent energy
levels at integer filling factors ν [13, 25]. ∆Mν is thus
a measure of the so-called thermodynamic energy gap
∆E at ν. In contrast to excitation spectroscopy (e.g. by
transport measurements), one does not need to consider
microscopic parameters of scattering processes or selec-
tion rules for calculating M . We took both Gaussian
level broadening by Γ = e~m∗
√
2/πµ
√
B⊥ [26] and a fi-
nite temperature T into account when calculating F and
M [24]. Measuring M(B) the ground state energy spec-
trum is probed in a contactless configuration and thereby
provides direct information about the DOS and possible
many body effects [27].
The magnetization of the MgZnO/ZnO heterostruc-
ture at T = 280 mK for α = 52◦ is displayed in Fig. 1. A
smoothly-varying magnetic background signal has been
removed from the raw data by subtracting a low-order
polynomial fit in B. The difference signal M versus B⊥
exhibits the dHvA effect as jumps ∆M in the magnetiza-
tion occur for ν = 2 at B⊥ ≈ 3.5 T (inset) and ν = 1 at
B⊥ ≈ 7 T. Superimposed at ν = 1 is a non-equilibrium
(neq) signal MNEC arising from NECs [28] showing the
characteristic sign change upon changing the magnetic
field sweep direction [14, 29, 30]. Contrary to ν = 1, the
signal near ν = 2 residing at much smaller B does not
contain sweep-direction dependent contributions indicat-
ing that both the step ∆M and the spike (marked by
an asterix in the inset) reflect equilibrium (eq) proper-
ties. An existing (missing) NEC indicates that ρxx takes
a vanishingly small minimum value (remains finite).
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FIG. 1: (Color online) Oscillatory part of the magnetization
of a MgZnO/ZnO heterostructure at α = 52.0◦ and T =
280 mK. At filling factor ν = 1, the data exhibits the dHvA
effect as well as large NECs, which change sign upon changing
the sweep direction (arrows). In the inset, experimental data
(light line) as well as model calculations for the ideal (dashed
line) and real (dotted line) 2DES are shown for T = 280 mK
(3.0 T < B < 4.0 T).
In Fig. 2 (a) and (b) we depict angular dependencies
of the dHvA effect for filling factors ν = 3 and ν = 2, re-
spectively. In Fig. 2 (c) we summarize ∆Me,ν = ∆Mν/N
for ν = 1 to 3 taken at different α. First we discuss
ν = 2 where spin-polarization of the 2DES is absent.
∆Me,ν=2 ranges from 1.3 to 0.85 µ
∗
B in the angular regime
from α = 36.8◦ to 62.0◦. Here, µ∗B = µB(me/m
∗)
with m∗= 0.31(±0.01)me as determined from a Lifshitz-
Kosevich analysis [11] of ∆M(T ) at ν = 2 (not shown).
m∗ is consistent with Refs. [5, 8]. The corresponding en-
ergy gaps ∆Eν = Me,ν · B⊥ are shown in Fig. 2 (d).
For an ideal (disorder-free) non-interacting 2DES one
would expect the energy gap for ν = 2 to amount to
∆Eν=2 = ~ωc − gµBB. The gap depends on α as de-
noted by the line in Fig. 2 (d) because the Landau quan-
tization ~ωc = ~eB⊥/m
∗ = ~eB cosα/m∗ and Zeeman
spin splitting energy |g|µBB depend differently on α (g
3is the band structure Lande´ factor). The experimentally
determined values of ∆Eν=2 (triangles) are in good quan-
titative agreement with the prediction for the ideal 2DES
considering g = 1.93 (line) [35]. This agreement is sur-
prising as the finite mobility µ of the 2DES indicates
residual disorder in the MgZnO/ZnO heterostructure. To
further analyze the observed ∆M we show the dHvA am-
plitude calculated for the DOS of the real 2DES [Eq. (1)]
in the inset of Fig. 1 as a dotted line. We considered
Γ = 5 × 10−2√B⊥ meVT−1/2. The thereby expected
value is indeed smaller than the measured one, indicat-
ing that electron-electron interaction enhances the dHvA
amplitude in the MgZnO/ZnO heterostructure [13]. The
dashed line in the inset shows M(B) for the ideal 2DES
at T = 0 K. The expected sawtooth-like shape of the
dHvA oscillation is clearly visible. The experimental
curve closely follows this behavior indicating the already
excellent quality of the 2DES [25, 31]. However, there
is an additional spike-like feature (asterix) close to the
steep slope. This feature will be discussed later.
We now consider the peak-to-peak amplitudes ∆M of
the odd filling factors ν = 1 and ν = 3 where the Fermi
energy resides in the Zeeman energy gap and spin polari-
sation of the 2DES occurs. We find that ∆Me,ν=3 varies
with α taking a maximum value of 0.68 µ∗B. ∆Me,ν=1
is considerably larger and amounts to a value of up to
≈ 2.25 µ∗B.
From the energy gaps of the odd filling factors ν = 3
 

 
 

 
ν=3
ν=2
ν=1
B (T)
2.0 2.5
0
2
M
 (
1
0
-1
3
 J
/T
)
M
 (
1
0
-1
3
 J
/T
)
0
5
B (T)
3.0 3.5 4.0
ν=2ν=3
67° 62°
57°
52°
47°
37°
∆M
40 50 60
α (deg)
1.0
∆
M
/N
 (
µ
B
)
*
40 50 60
α (deg)
1∆
E
 (
m
e
V
)
2
63°
62°
59°
58°
3
2.0
1.5
0.5
(a) (b)
(c) (d)
ћω
c
- gµ
B
B
FIG. 2: (Color online) Angular dependencies of M(B) near
(a) ν = 3 and (b) ν = 2. Curves are shifted in verti-
cal direction for clarity. (c) DHvA amplitudes per electron
∆Me,ν = ∆Mν/N as a function of α. Values for ν = 1 were
extracted from curves shown in Fig. 1 and Fig. 3 (a), respec-
tively. (d) Thermodynamic energy gaps ∆Eν as a function of
α. The line denotes the energy gap expected for ν = 2 in a
disorder-free 2DES at T = 0.
and ν = 1, we extract the Zeeman spin splitting ∆EZ =
|g∗|µBB. In case of small disorder, spin splitting is
known to be enhanced when approaching the quantum
limit, i.e., in large fields B. This phenomenon is com-
monly attributed to the exchange interaction EEx [13]
and expressed in terms of an effective factor g∗ [32] as
∆EZ = |g|µBB + EEx = |g∗|µBB. (2)
From the data shown in Fig. 2 (d) we extract a maxi-
mum g∗ = 1.1 for ν = 3. This value is reduced compared
with the band structure g factor of ZnO. We attribute
the reduction of g∗ to the level broadening and in partic-
ular level overlap in the low field regime. For ν = 1, we
find a maximum g∗ of 5.1 at α = 36.8 deg. This value
is significantly enhanced over g = 1.93 [36]. Our dHvA
experiment thus substantiates that electron-electron in-
teraction plays an important role in the magnetic field
dependent ground state properties of the MgZnO/ZnO
heterostructure at both an even and odd integer ν.
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FIG. 3: (Color online) Temperature dependence ofM(B) near
(a) ν = 1 at α = 36.8◦ and (b) ν = 2 at α = 62.0◦ measured
for down-sweeping B. From top to bottom the temperature
varies from T = 0.28 to 1.6 K. For T ≤ 0.9 K NECs are
present at ν = 1 in (a). Going from higher to lower tem-
peratures, the field position of the maximum non-equilibrium
signal in (a) moves to larger B by ∆Bneq. A shift ∆Beq is
seen also for the equilibrium signal in (b). (c) ∆Bneq/Bν=1
(squares) and ∆Beq/Bν=2 (triangles) as a function of T . At
low T , ∆Bneq increases linearly with decreasing T as indi-
cated by a linear fit (black line). (d) Spike-like overshoot of
M(B) at ν = 1 and T = 1.6 K.
Figure 3 (a) and (b) shows the temperature depen-
dence ofM(B) near ν = 1 and ν = 2, respectively, in the
temperature range 0.28 to 1.6 K. For T ≤ 0.9 K, there
is a large signal arising from NECs superimposed on the
dHvA signal at ν = 1. The peak value of the NEC de-
creases with increasing temperature as already reported
for GaAs/AlGaAs heterostructures [28]. Here, we focus
on the field position of the NEC maxima. At this posi-
tion, the Fermi energy resides in localized states and the
4QHE edge channels are most strongly decoupled from the
bulk, resulting in an effective suppression of backscatter-
ing. NECs are a very sensitive gauge for this effect, since
the breakdown-limited NEC signal increases strongly for
increasing suppression of backscattering. This is in con-
trast to magnetotransport experiments, where ρxx and
ρxy exhibit extended zeros and plateaus, respectively. In-
deed, from the time-dependent decay of NECs, resistivi-
ties < 10−14 Ω/ have been inferred [14]. Interestingly
we find that the temperature-dependent maximum value
shifts towards smaller magnetic field values with increas-
ing T . The shift of the non-equilibrium magnetization
is highlighted for ν = 1 in Fig. 3 (c) where we plot the
relative separation ∆Bneq/Bν=1 between peaks at low T
and the peak at T = 0.9 K (squares). The peak position
varies almost linearly with T (line). Following Ref. 5
we exclude that the observed shifts arise from temper-
ature dependent variations in ns as they set in only for
T > 1 K. For ν = 2 [Fig. 3 (b)], we do not observe
NECs in the temperature regime studied. The spike-like
overshoot (asterix) is an equilibrium feature. However,
we find a shift of the equilibrium dHvA oscillation to
smaller B for increasing T . The relative shift ∆Beq/Bν=2
is displayed in Fig. 3 (c). Below ∼ 1 K, it also increases
linearly as T decreases.
We now discuss the temperature dependent shifts of
non-equilibrium and equilibrium features. As mentioned
above, the field position of the maximum NEC is directly
connected to the minimum of ρxx [30], where backscat-
tering is maximally suppressed. Our data suggest that
the minima of ρxx shift towards higher magnetic fields
with decreasing T , i.e. towards the high energy side
of the energy spectrum. Also the field position of the
dHvA oscillation at ν = 2 shifts by ∆Beq as a func-
tion of T . The relative shift of both, ∆Bneq and ∆Beq,
is consistent in temperature and we thus suppose that
they have the same microscopic origin. For an equilib-
rium property such as the dHvA effect, no temperature
dependent shifts have been reported before. Concern-
ing non-equilibrium properties, displacements and asym-
metries of QHE plateaus and corresponding ρxx minima
have been observed in transport measurements on GaAs-
based heterostructures [15, 16, 18]. They were attributed
to scattering centers being present in or in close vicin-
ity to the 2DES. Repulsive scattering centers altered the
DOS in such a way that it became asymmetric exhibit-
ing an impurity tail at its high energy side [17], while
attractive scatterers led to the opposite asymmetry [18].
As a consequence, localized states of ν = 2 and extended
states of ν = 1 in the DOS could overlap resulting in
a shift of ρxx minima for repulsive scatterers. We find
corresponding displacements in transport measurements
on a reference sample [20]. From the direction of the ob-
served shift in field position we infer that the interaction
of charge carriers and scatterers in the MgZnO/ZnO het-
erostructure is repulsive.
We further observed spike-like overshoots of the equi-
librium magnetization as depicted in the inset of Fig. 1
and Fig. 3 (b) for ν = 2 at 0.28 K. Regarding ν = 1, we
also observe an overshoot which is depicted in Fig. 3 (d)
at T = 1.6 K, where NECs are absent. Here, the small
remaining hysteresis is attributed to the self-induction
of the superconducting magnet and the finite averaging
time for data acquisition. The overshoots do not depend
on the field sweep direction. Similar effects were reported
for a bi-layered 2DES in GaAs/AlGaAs [33]. The authors
speculated that correlations effects or a peculiar form of
the DOS were responsible for the overshoot. In light of
the fact of an asymmetric DOS we attribute this feature
to magnetic thaw down of electrons [19]. In the presence
of repulsive scatterers in close vicinity to the 2DES, local-
ized magnetoacceptor states can exist at energies above
the extended Landau states [19]. When electrons are
transferred from the higher-lying localized to the lower-
lying extended states, the free energy F of the electron
system decreases. Correspondingly, there is an increase
in M = − ∂F∂B enhancing the equilibrium dHvA ampli-
tude with a spike-like overshoot in the magnetic thaw
down process near an integer ν. We apply the formalism
of Ref. 25 and estimate the average density of magne-
toacceptors by nMA = ns∆BMA/Bav, where ∆BMA is
defined in Fig. 3 (d). Bav is the mean field value. We
get nMA ≈ 109 cm−2. Magnetization measurements of-
fer thus a tool to determine the nature and number of
scatterers and thereby getting detailed insight into the
microscopic sample structure. This might help to further
optimize MgZnO/ZnO heterostructures. One may now
speculate about the origin of the repulsive scatterers in
the vicinity of the 2DES in the MgZnO/ZnO heterostruc-
ture. A possible explanation for repulsive scattering cen-
ters is the presence of Zn vacancies at the interface, which
has also been reported in Ref. [34].
In summary, we studied correlation and disorder ef-
fects in the MgZnO/ZnO heterostructure by means of
the dHvA effect and NECs. The energy gaps at ν = 2
and ν = 1 were enhanced over the expected value in
the single particle picture which we ascribe to exchange
interaction in the dilute 2DES. Temperature dependent
shifts of the filling factors and of the maxima of the NECs
were found indicating the presence of repulsive scattering
centers in the direct vicinity of the 2DES. The shape of
the dHvA oscillations was consistent with magnetic thaw
down from magnetoacceptor states enhancing the quan-
tum oscillatory magnetization even further beyond the
electron-electron interaction.
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6SUPPLEMENTAL MATERIAL
SAMPLE DETAILS
FIG. 4: Photo of a thinned MgZnO/ZnO sample on micromechanical cantilever sensor prepared from an undoped AlGaAs/GaAs
heterostructure. The active MgZnO/ZnO 2DES area is 1.8×0.9 mm2.
The heterostructure was grown using molecular beam epitaxy with high-purity 7 N Zn and 6 N Mg metals as well
as distilled pure ozone as the oxygen source. The heterostructure was formed by depositing a 690 nm-thick ZnO
layer followed by a 380 nm-thick MgZnO layer on a Zn-polar ZnO substrate. A 2DES is spontaneously formed at the
interface without remote doping of donors due to the polarization mismatch between the ZnO and MgZnO layers.
To allow for cantilever magnetometry experiments, the sample was cut by a wiresaw and polished from the backside
to reduce the thickness of the substrate to about 30 µm. Figure 4 shows a photograph of a thinned MgZnO/ZnO
sample attached to a GaAs-based micromechanical cantilever magnetometer. The cantilever is glued to an Au-coated
sapphire substrate containing the contact pads and guard plane for the capacitive readout [24].
TRANSPORT CHARACTERIZATION
Transport experiments have been conducted on a reference sample cut from the same heterostructure at T = 0.5 K
using the van-der-Pauw method. We refer to this sample as reference sample A in the following. The results for Rxx
(blue line) and Rxy (red line) are shown in Fig. 5. Analyzing the Shubnikov-de Haas oscillations and the Hall effect
yields ns = 1.7× 1011 cm−2 and µ = 3.8× 105 cm2/Vs. The classical Hall slope extrapolated from the low field data
is shown by the dashed line. At ν = 2 and ν = 1, the Hall plateaus in Rxy do not occur symmetrically with respect
to the classical Hall slope. Instead, the Hall plateaus as well as the Rxx minima are shifted to larger fields. Following
Refs. 15, 16, 18, this behavior is attributed to the presence of repulsive scatterers being in close vicinity to the 2DES.
MAGNETIZATION OF A REFERENCE 2DES
In order to establish whether the observed magnetization features occur systematically, additional magnetization
experiments were conducted, following the measurement procedure described in the main text. Here, a second 2DES
sample cut from the same heterostructure was used, which we will refer to as reference sample B in the following. The
result of the experiment at T = 0.28 K and α = 52◦ is depicted in Fig. 6. The jumps in the magnetization at ν = 2
and ν = 1 can be ascribed to the dHvA effect. A signal stemming from the NECs, which changes sign upon changing
sweep direction, is present at ν = 1. The behavior as a function of temperature of both, dHvA effect and NECs, is
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FIG. 5: Transport characterization of the MgZnO/ZnO reference sample A at T = 0.5 K yields ns = 1.7 × 10
11 cm−2 and
µ = 3.8 × 105 cm2/Vs. The crossing of the Hall slope with the Hall plateaus at ν = 1 and ν = 2 does not occur in the center
of the respective plateau. Instead, the plateaus as well as the Rxx minima are shifted to larger fields. The shifts ∆Bneq and
∆Beq observed in the magnetometry experiment are indicated.
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FIG. 6: Magnetization as a function of B⊥ of reference sample B at T = 0.28 K and α = 52
◦. At ν = 2 and ν = 1, the data
exhibits the dHvA effect. The amplitudes per electrons are ∆Me,ν=2 = 0.6 µ
∗
B and ∆Me,ν=1 = 0.8 µ
∗
B, respectively. NECs are
resolved near ν = 1. The amplitude of MNEC amounts to ∼ 3× 10
−13 J/T.
consistent with the one described in the main text (not shown). The NEC maxima at ν = 1 and the position of the
dHvA oscillation at ν = 2 shift systematically towards lower fields with increasing temperature. In comparison to the
results shown in the main text, the observed signal amplitudes of the dHvA effect and the NECs are smaller here.
Regarding the dHvA effect, we observe ∆Me,ν=2 = 0.6 µ
∗
B and ∆Me,ν=1 = 0.8 µ
∗
B. These values are by a factor of 2
to 3 smaller than the ones reported in the main text. The dHvA effect at ν = 3 was not resolved. The signal arising
from the non-equilibrium magnetization MNEC is reduced by a factor of 10.
8The reduced signal amplitudes in the reference sample B might be ascribed to variations in the 2DES homogeneity and
mobility within the MgZnO/ZnO heterostructure such that the 2DES properties vary more strongly in reference sample
B. It is well established that the dHvA effect is very sensitive to disorder and sample inhomogeneity [12, 24]. Their
mutual effect is to wash out the dHvA oscillations. However, we clearly observe consistent temperature dependent
shifts of equilibrium- as well as non-equilibrium magnetization signals on the B-field axis also in the reference sample
B, despite the apparent differences in the sample parameters. This indicates that the observed phenomena are quite
robust.
